Despite long and intense research, some fundamental questions regarding representation of taste information in the brain still remain unanswered. This might in part be due to shortcomings of the established methods that limit the researcher either to thorough characterization of few elements or to analyze the response of the entirety of neurons to only one stimulus. To overcome these restrictions, we evaluate the use of the immediate early gene Arc as a neuronal activity marker in the early neural structures of the taste pathway, the nodose/petrosal ganglion (NPG) and the nucleus of the solitary tract (NTS). Responses of NPG and NTS neurons were limited to substances that taste bitter to humans and are avoided by mice. Arc-expressing cells were concentrated in the rostromedial part of the dorsal NTS suggesting a role in gustatory processing. The use of Arc as a neuronal activity marker has several advantages, primarily the possibility to analyze the response of large numbers of neurons while using more than one stimulus makes Arc an interesting new tool for research in the early stages of taste processing.
Introduction
The rodent and human taste systems recognize 5 basic tastes, sweet, umami, bitter, salty, and sour, yet their neural representation has puzzled scientists for a long time (Pfaffmann 1959; Spector and Travers 2005; de Brito Sanchez and Giurfa 2011) . Mainly 2 methods are used to study neuronal activity along the taste pathway. Electrophysiological recordings on the one hand have led to a thorough characterization and categorization of taste neurons based on their response to multiple stimuli and receptive fields; for review, see (Spector and Travers 2005; Frank et al. 2008) . The number of neurons that can be analyzed in a single animal, however, is restricted due to the time-consuming process of thorough recording and the limited number of simultaneous recordings.
The analysis of Fos-like immunoreactivity (FLI) as a marker for neuronal activation on the other hand is used to study the distribution of numerous taste-responsive neurons within large brain areas (Harrer and Travers 1996; Travers 2002; Schwarz et al. 2010) . To obtain robust responses, stimulation usually is carried out over a period of 20-30 min (Harrer and Travers 1996) . Prolonged stimulation is achieved either by water deprivation motivating the animals to drink stimulus solution (Stratford and Finger 2011) or by intraoral cannulae, which are implanted before the experiment (Harrer and Travers 1996) . Oral stimulation with sucrose, citric acid, or quinine labeled differentially distributed neurons in the gustatory part of the NTS despite a notable degree of intermingling and high basal Fos expression, proposing, but not proving that fractions of responsive neurons were excited by only one stimulus, whereas others were sensitive to either (Harrer and Travers 1996; Travers 2002; ). While being able to map large numbers of taste-responsive neurons, FLI's major limitation is that the response to multiple stimuli cannot be distinguished and thus one is limited to using single stimuli. This makes it impossible to assess precisely if a gustatory neuron responded to multiple oral stimuli.
Here we use compartment analysis of temporal activity by fluorescent in situ hybridization (catFISH) for the neuronal excitation marker Arc (activity-regulated cytoskeleton-associated protein) (Link et al. 1995; Lyford et al. 1995) to investigate if a gustatory NTS neuron responded to one or more oral taste stimuli. Intriguingly, Arc RNA is detectable in the nucleus starting 2 min after stimulation, whereas cytoplasmic RNA transport is complete 20-30 minutes later. Therefore, the intracellular distribution of Arc RNA indicates by which of 2 stimuli, presented at an appropriate time interval, a given neuron was excited (Guzowski et al. 1999) . To date, experiments characterizing Arc expression have mainly focused on telencephalic areas, mostly the limbic system, but also different parts of the neocortex. The few data available on regions outside of the forebrain suggest that there is little to no (basal) Arc expression in the brainstem (http://mouse.brain-map.org, experiment 74273120). To establish Arc as a neuronal activity marker for the gustatory system we stimulated mice either 5 (−5 min) or 30 min (−30 min) prior to sacrifice with prototypical tastants for the 5 basic tastes.
Materials and methods
Unless otherwise stated all chemicals were purchased from Sigma Aldrich.
Animals
Eight-to twelve-week-old male C57BL/6 mice from Elevage Janvier (Genest Saint Isle) were housed in our animal care facility with a 12-h light/dark cycle. Animals had access to water and chow ad libitum until approximately 1 h before the experiments. Animal experiments were carried out according to German animal welfare law and approved by the government of the State of Brandenburg (23-2347-8-10-2008) .
Stimulation
Naïve unanesthetized mice were stimulated with 1 of 11 taste stimuli. Monosodium glutamate as umami stimulus was applied at 0.1 M (MSG, Cat. No. G1626) and at 1.0 M together with 0.5 mM IMP (Cat. No. I4625), a strong enhancer of umami taste intensity in human (Yamaguchi and Ninomiya 2000) , and 30 µM amiloride (Cat. No. A7410), which blocks sodium taste (MSG+I+A). For sweet and sour, 0.5 M sucrose (Sucr, Merck, Cat. No. 1.07687) and 30 mM citric acid (Citr, Carl Roth, Cat. No. X863. 2) were applied, respectively. Two concentrations were chosen for NaCl (Cat. No. 71376) as salty stimulus, 0.1 M (NaCl low)
as an attractive and 0.8 M (NaCl high) as an aversive stimulus (Bachmanov et al. 2002; Oka et al. 2013) . Also, 0.5 mM cycloheximide (Cyx, Cat. No. C7698), 10 mM quinine hydrochloride (Qui, Cat. No. Q1125), and 1 mM cucurbitacin I (Cuc, Extrasynthese, Cat. No. 0021S) served as bitter stimuli. For cucurbitacin a concentration was chosen that showed maximal aversion in taste preference tests and strong nerve activation (unpublished data). Because of its frequent use as a standard in electrophysiological recordings from the gustatory nerves, 0.1 M ammonium chloride (NH 4 Cl, Merck, Cat. No. 1.01145) was presented as additional stimulus at concentrations that caused maximal activation of afferent nerves (Danilova and Hellekant 2003) . Only for expression analysis in ganglia, a mix of 7 bitter substances (bitter mix) was used as additional stimulus: 0.1 mM cycloheximide, 0.1 mM cucurbitacin I, 10 mM denatonium benzoate (Cat. No. D5765), 3 mM propylthiouracil (Cat. No. P37755), 10 mM papaverine HCl (Cat. No. P3510), 100 mM Na benzoate (Cat. No. 71295) , and 100 mM arbutin (Cat. No. A4256). All taste stimuli were contained in a simple electrolyte solution (25 mM KCl, Cat. No. P3911 and 2.5 mM NaHCO 3 , Cat. No. S5761; de Araujo et al. 2003) , which was also applied as control stimulus (ctrl). Stimulation experiments were carried out 2-5 h after onset of the light phase. The stimuli were prewarmed to 30 °C in a water bath and were applied manually into the oral cavity using a blunt-ended syringe for 2 min at a rate of approximately 1 mL/min. Vigorous active movements of the jaws and tongue were observed during stimulus delivery. The effectiveness of the stimulus solutions to bathe the entire oral cavity was not directly evaluated. During stimulation the mice were restrained by gently, but firmly grabbing the scruff of the neck while simultaneously securing the tail. Care was taken that the restraint did not hinder oral movements or breathing. During the first minute of stimulation, the mice usually remained calm and only started trying to free themselves from the restraint within the second minute, irrespective of the stimulus. During the whole stimulation period, vivid active movement of the jaws and tongue was visible. After stimulation mice were put back into separate cages to prevent accidental stimulation of cage mates and to allow for observation of behavior. Aversive behavior, that is, chin rubs, was observed only after the delivery of bitter stimuli, but not during stimulation.
Mice were sacrificed 5 or 30 min after stimulus onset. Brains were removed, covered with embedding medium (Leica, Cat. No. 14020108926) , quickly deep-frozen using dry ice-cooled isopentane, and stored at −80 °C. For the preparation of ganglion tissue, the mouse head was fixed for 2 h in 4% paraformaldehyde (PFA, Cat. No. P6148) in phosphate-buffered saline (PBS) at 4 °C after removal of the brain. If Arc expression in ganglia was to be analyzed, both nodose/petrosal ganglia (NPG) were dissected using a binocular microscope. The ganglion tissue was rinsed in PBS, followed by an overnight incubation in 4% sucrose solution. On the next day, the ganglion tissue was covered with embedding medium, frozen, and stored at −80 °C.
Brain and ganglia were cut into 14 µm sections using a cryostat (Thermo Scientific) and mounted onto SuperFrost Plus glass slides (Carl Roth, Cat. No. H867.1). The air-dried sections were stored at −80 °C in an air tight box until further processing. The brains were cut horizontally to facilitate orientation of the freshly frozen brains during slicing and to include well known areas of strong basal Arc expression in the same sections, that is the neocortex and hippocampus (Link et al. 1995; Lyford et al. 1995) . These were used as positive control and to fine tune exposure times for fluorescent microscopy.
Double stimulation
In addition, double stimulation experiments were carried out where tastants were applied both 30 and 5 min prior to sacrifice. Here, mice were either stimulated twice with the same stimulus (1 M or 1.5 M sucrose, or 100 mM citric acid), or 2 different stimuli were used (300 mM sucrose and 0.5 mM cycloheximide). The stimulation procedure and processing of the tissue was identical to the singlestimulation experiments.
In vitro transcription
The RNA probe was generated from a PCR product spanning 861 base pairs of the Arc gene as described in the Allen Brain Atlas project (Probe ID RP_050927_02_C07), flanked by T3 and T7 promoters (forward primer: AATTAACCCTCACTAAAGGG TGGAAGAGTACCTGCGGC; reverse primer: TAATACGACTCACTATAGGG ACCCAAAGAGCCCTGGAC). T7 RNA polymerase and DIG RNA Labeling Kit (Cat. No. 10881767001, 11277073910) were used to generate digoxigeninlabeled antisense riboprobes. After in vitro transcription, the riboprobe was purified twice by precipitation and dissolved in deionized RNase-free water. Concentration and quality of the probe were assessed by UV spectrophotometry and gel electrophoresis. The concentration was adjusted to 400-500 ng/µL and the riboprobe was stored at −80 °C.
In situ hybridization
For the analysis of Arc expression in the NPG, the whole ganglia were processed. For the NTS, every second section was submitted to in situ hybridization. Sections were pretreated using an autostainer (Shandon, Thermo Scientific). Pretreatment included fixation with 4% PFA in PBS for 10 min, acetylation with acetic anhydride (Cat. No. 45830) in 0.1 M triethanolamine (Cat. No. 90279) buffer twice for 5 min, and dehydration using a graded ethanol series. Fluorescent in situ hybridization (FISH) was performed using a customized Tecan Freedom Evo automated pipetting system (Tecan Deutschland). The procedure was based on a protocol published before (Herzig et al. 2001) , customized and optimized for FISH. Briefly, during prehybridization sections were treated with 0.6% hydrogen peroxide (Cat. No. 216763) in methanol (Merck, Cat. No. 1.06009; 5 × 5 min), 0.2 M HCl (Carl Roth, Cat. No. X942.1; 2 × 5 min), 0.0159 U/mL (brain tissue) or 0.0477 U/mL (ganglion tissue) Proteinase K (Cat. No. 3115887001; 2 × 10 min), and postfixed with 4% PFA in PBS (2 × 5 min). Sections were washed with PBS between steps. After equilibration with hybridization buffer (Ambion, Life Technologies, Cat. No. B8807G), brain sections were hybridized at 64 °C with 600 ng/mL RNA probe diluted in hybridization buffer. The probe was omitted in the negative control. Total hybridization time was 6 h. After 3 h fresh hybridization buffer containing riboprobe was added to the slides.
Following hybridization, stringency washes were performed to remove nonspecifically bound riboprobe. Slides were treated with 5× saline sodium citrate buffer (SSC; 5 × 5 min), 2× SSC in 50% formamide (Cat. No. 11814320001; 5 × 10 min), 1× SSC in 50% formamide (5 × 12 min), and 0.1× SSC (4 × 8 min). All steps were carried out at 62 °C. After stringency washes, temperature was reduced to 25 °C. Sections were treated with 20 mM iodoacetamide (Cat. No. I1149) in NTE buffer (0.5 M NaCl, 10 mM TRIS, 5 mM Na 2 H 2 EDTA, pH 8; 6 × 5 min) to reduce nonspecific antibody reaction. Epitopes were blocked using 4% lamb serum (Invitrogen, Life Technologies, Cat. No. 16070-096, 6 × 5 min) , and blocking reagents (Perkin Elmer, Cat. No. FP1020 and Sigma Aldrich, Cat. No. 11096176001) at concentrations of 0.5% and 1%, respectively (2 × 10 min each). Riboprobes were detected using peroxidaselinked anti-digoxigenin Fab fragments raised in sheep (Cat. No. 11207733910; 2 × 30 min), followed by tyramide signal amplification using biotinyl tyramide (Perkin Elmer, Cat. No. NEL700001KT; 30 min).
Arc RNA was visualized using Streptavidin-Cy3 conjugates (Jackson ImmunoResearch Laboratories, Cat. No. 016-160-084; 2 × 30 min). Nuclei were counterstained with 4′,6-diamidino-2-phenylindole (DAPI, Cat. No. D9542; 2 × 5 min). After final washing with TBS (TRIS-buffered saline) and deionized water, sections were mounted using fluorescence mounting medium (Dako Deutschland, Cat. No. S302380-2) and stored at 4 °C until analysis.
Fluorescence microscopy
Slides were digitized using a Mirax Midi automated fluorescent microscope (Carl Zeiss Microimaging). At each field of view, a stack of 7 images was taken, spaced 1 µm along the z axis. The images were deblurred and merged resulting in one large 2D image covering the entire brain stem.
Image analysis
Images were analyzed manually with regard to Arc expression using Adobe Photoshop (Adobe Systems). For brainstem sections, the outline of the Nucleus of the solitary tract (NTS) and damages in the tissue were marked. The outline of the NTS was determined by differences in cell density visible in the DAPI channel, lower background fluorescence visible in the Cy3 channel, and histological landmarks, including the solitary tract, the ventricle system, and the genu of the facial nerve ( Figure 1 ). In addition, the outline of the fourth ventricle/central canal was retraced for orientation purposes. A mouse brain atlas was used for comparison (Franklin and Paxinos 2007) . From dorsal to ventral, the analysis began on the first section where the rostral pole of the NTS exceeded the widest part of the 4th ventricle rostrally, that is the beginning of the rostral NTS according to the traditional method. This approximately corresponds to a horizontal plane 3.9 mm ventral of Bregma. From here, every second section was analyzed until the 4th ventricle had given way to the central canal and the shape of the NTS had changed from a flat V to a U. After this level, approximately 4.2 mm ventral of Bregma, the outline of the NTS, especially the lateral boundary, could not be determined without additional counterstains. By these means 9-11 sections spanning approximately 280 µm of the most dorsal portions of the NTS were analyzed for each animal. This region is referred to in this article as dorsal NTS. Arc-expressing cells were marked with colored dots corresponding to the intracellular localization of Arc RNA. The number of cells in the dorsal NTS showing Arc RNA was determined and normalized to the area of NTS or NTS subdivision that was analyzed.
Counting of Arc-expressing cells in the NPG was performed as described above for the NTS. The number of Arc + cells was not normalized to the tissue area since all of the ganglion tissue was sliced, processed and Arc + cells counted. To allow comparison with data from other studies, the raw counts of Arc + cells in the NTS and NPG were corrected for multiple counting according to equation 3 from (Clarke 1993) . The cutoff diameter for lost caps was set to 50% of the average nuclear diameter. The parameters were for the NTS: section thickness T = 14 µm, lost caps R = S = 0.59 µm, average nuclear diameter 8.85 µm, standard deviation (SD) 1.48 µm (n = 31), sum of T/(T − h i ) = 82.28 and the sum of (T -R -S + h i )/(T − h i ) = 129.60, leading to a correction factor C = 0.635. For the NPG: T = 14 µm, R = S = 0.51 µm, average nuclear diameter 7.59 µm, SD 1.22 µm (n = 25), sum of T/ (T − h i ) = 54.44, sum of (T -R -S + h i )/(T − h i ) = 80.92, leading to a correction factor C = 0.673.
Statistical analysis
Data are presented as means ± SEM, with n indicating the number of animals included in the analysis. Statistical tests were performed using Microsoft Excel and Sigma Plot 11 (Systat Software). The Shapiro-Wilk test was used to test for normality of the data. To test for differences in mean values, Student's t-test and ANOVA (α = 0.05) with post hoc Holm-Šidák pairwise comparison were performed.
Results

Only bitter tastants lead to increased Arc expression in the NTS
After single stimulation at either time point, −5 or −30 min, the number and density of Arc + cells were low for salty, sour, sweet, umami stimuli, and NH 4 Cl and did not differ from those induced by the control stimulus. The few Arc + cells did not reveal an obvious pattern, but were rather scattered throughout the NTS (Figures 2 and 3) . In marked contrast, mice previously stimulated with the bitter tastants Cyx, Qui, and Cuc showed significant, up to 4-fold, increases in the number of Arc + cells compared with all other stimuli including the control stimulus. Arc expression did not significantly differ as a function of stimulation time (Figure 3 ). The Arc + cells in the bitterstimulated mice were enriched in the rostral part of the dorsal NTS along the medial border (Figure 2 , black arrows). As expected for taste stimulation, this area corresponds to the part of the NTS that receives gustatory input from cranial nerves VII and IX and projects to the ascending gustatory pathway as well as the medulla (Bradley et al. 2007 ). Another group of Arc+ cells after bitter stimulation was observed in the caudal NTS (Figure 2 , gray arrows).
The localization of Arc RNA in the vast majority of Arc + cells was consistent with the stimulation time (Figure 3 ). Arc signals were observed mostly in the nucleus (N) in mice stimulated at −5 min, and in the cytoplasm (C) in mice stimulated at −30 min. As expected in these experiments involving a single-stimulus presentation, few cells showed Arc RNA in both the nuclear and cytoplasmic compartment (N+C) ( Figure 3A) . For subsequent analysis, we averaged the densities of stimulus-derived Arc-expressing cells from both stimulation times for the same stimulus, that is cells showing Arc RNA in the nucleus after stimulation at −5 min and cells showing Arc in the cytoplasm after stimulation at −30 min ( Figure 3B ). One-way ANOVA with post hoc pairwise comparison using the Holm-Šidák method revealed that only stimulation with the bitter tastants led to an increased Arc expression in the dorsal NTS, whereas there were no significant differences among the bitter compounds ( Figure 3C ).
Together these findings clearly indicate that gustatory input after oral stimulation specifically with bitter compounds is highly correlated with Arc induction in this area. The use of stimuli matched for temperature and application method minimized influences by thermo-and mechanoreception.
Outside the NTS Arc expression was regularly observed caudolaterally of the NTS in the spinal trigeminal nucleus, irrespective of the stimulus (Figure 2 ). This nucleus is activated by tactile and nociceptive stimuli within the oral cavity (for review, see Sessle 2000) , which are a by-product of stimulus application. Consistently, no Arc expression was observed in the spinal trigeminal nucleus in unstimulated mice (Figure 2 ). Arc expression outside the NTS, however, was not analyzed systematically.
To assess whether the concentrations of non-bitter stimuli might not have been sufficient to elucidate Arc expression in the NTS, mice were stimulated with higher concentrations of sucrose (1 and 1.5 M), an inherently attractive stimulus, and citric acid (100 mM), an aversive stimulus. To further increase the stimulus strength, these mice were stimulated at both times, −5 and −30 min. Stimulation with neither highly concentrated sucrose nor citric acid led to a significant increase in Arc expression relative to mice stimulated twice with the solvent as control stimulus (Figure 4) . Notably, the number of cells showing Arc RNA in both compartments, indicating activation by both stimuli, remained unaltered at the level of the control group, irrespective of the stimulus. This further confirms that neither aversion itself nor unspecific negative effects such as high osmolarity are sufficient to induce Arc expression in the NTS.
To test whether non-bitter stimuli influence the bitter-induced Arc expression, we stimulated animals 30 min prior to sacrifice with either cycloheximide or sucrose and 5 min before sacrifice with the other stimulus ("Cyx, Sucr" and "Sucr, Cyx"). As for the mice stimulated once, only the bitter stimulus led to an increased Arc expression, but not the sweet stimulus, that is when sucrose was applied first and cycloheximide second, there was a significant increase in nuclear Arc expression indicating the neurons were activated by the second stimulus (Cyx) only. Whereas, when the stimulus order was swapped, a significant increase of cytoplasmic Arc RNA was observed indicating that the first stimulus induced Arc expression (Cyx), but the second (Sucr) did not ( Figure 5 ). This indicates that even in a more complex experimental design the Arc expression in the NTS is specific for bitter stimuli and not influenced by a second stimulus of a different taste quality.
Bitter-induced Arc expression is concentrated in the dorsomedial rNTS
Arc + cells within the NTS elicited by oral bitter stimulation were observed throughout the dorsal NTS. Figure 6 A shows the overlay The NTS is a histologically and functionally diverse nucleus. The dimensions of the NTS subnuclei, however, especially the border between the rostral part (rNTS) receiving gustatory and the caudal part (cNTS) receiving visceral input are difficult to determine by histological means (Bradley et al. 2007 ). Thus, the caudal end of the rostral, gustatory NTS is traditionally defined as the junction of the medial border of the NTS and the fourth ventricle ( Figure 6B ). This, however, only partly reflects the actual functional distinction between rNTS and cNTS (Bradley et al. 2007 ). Furthermore, the rNTS is composed of several subnuclei. Neurons responding to orotactile stimuli are located laterally within the rostrolateral nucleus, whereas neurons receiving gustatory input are located more medially in the rostrocentral nucleus (Travers and Norgren 1995; Corson et al. 2012; Ganchrow et al. 2014) . Recently, Breza and Travers (2016) have described P2X2 expression as a marker for the terminal fields of the gustatory nerves delimiting them from mechanosensory regions of the rNTS. To take the functional heterogeneity of the NTS into account, we defined 6 subfields in horizontal sections of the NTS on a geometrical basis intended to reflect the functional organization more closely than the traditional separation between rostral and caudal NTS ( Figure 6C) . A similar approach based on a tripartite division from medial to lateral has been established for coronal sections of the NTS (King et al. 1999; Chan et al. 2004; Stratford and Finger 2011) .
The quantification of Arc + cells revealed a clear concentration of signals in subfields 1 and 2 upon bitter stimulation, whereas subfields 3-6 showed a substantially lower density of Arc + cells. Differences of Arc + cells across fields were not seen for the control stimulus ( Figure 6D ). Supplementary Table 1 shows the whole dataset for the distribution of Arc + cells across NTS subfields for all stimuli. For comparison to the rostral-caudal division, subfields 1 and 2 were combined as 'gustatory subfields' (S1+S2) and subfields S3 to S6 as "non-gustatory subfields" (S3-6). For Cyx and Cuc, the rostral to caudal distribution pattern resembled that of S1+S2 regions versus S3-S6 although the enrichment in the gustatory portion was more pronounced in the 6 subfield analysis. Interestingly, for the quinine-stimulated mice, the 6 subfield method showed a much clearer difference between the gustatory and the non-gustatory NTS than the rostral-caudal division ( Figure 6E ).
Bitter stimuli induce Arc expression in ganglia
Taste information is conveyed via 3 cranial nerves from the taste buds to the brain. Bitter-sensitive receptor cells are much more abundant in vallate and foliate taste buds innervated by the lingual branch of the glossopharyngeal nerve (IX) than in fungiform taste buds (Hoon et al. 1999; Adler et al. 2000; Voigt et al. 2012) . Taste buds in the pharynx, larynx, and epiglottis are contacted by the vagus nerve (X). Both cranial nerves IX and X enter the brain via the jugular foramen where their cell bodies are located in the NPG also referred to as the inferior ganglia of these nerves (Smith and Boughter 2007) .
We analyzed Arc expression in the NPG of mice stimulated 5 min prior to sacrifice with solutions representing all 5 basic taste qualities, including 3 bitter substances and a mixture of 7 bitter substances (bitter mix). The solvent served as control stimulus.
As in the nucleus of the solitary tract, the 2 bitter substances cycloheximide and quinine HCl led to a significant increase in Arc expression in the ganglion, compared with control stimulus, as did the bitter mix (Figure 7) . The number of Arc-expressing cells upon stimulation with the bitter substance cucurbitacin I was 3.5-fold higher, but this difference was not statistically significant. None of the other tastants led to a significant increase in Arc expression in the NPG. Arc-expressing cell somata after bitter stimulation were observed in the ganglia tissue but not within the nerve fiber tissue showing that neurons and not glial cells express Arc. The majority of Arc-expressing cells was characterized by a large, weakly stained nucleus and often appeared to occur in clusters. However, clustering has not been investigated further. This is the first report of Arc expression in the peripheral nervous system and indicates that also in the ganglia of afferent cranial nerves Arc is a marker for neurons processing bitter taste information although it might not be as sensitive as in the central nervous system. 
Discussion
Oral stimulation specifically with substances that taste bitter to humans and elicit aversion in mice (Metcalf et al. 1980; Kiefer et al. 1998; Boughter et al. 2005) evoked Arc expression in the NTS and NPG, whereas aversive sour and salty stimuli did not. The majority of Arc + cells in the NTS was located in the rostromedial half of the dorsal NTS (Figure 6 ). This area corresponds to the part of the NTS that receives gustatory input from cranial nerves VII and IX and projects to the ascending gustatory pathway and the medulla (Bradley et al. 2007) . Interestingly, this is also the part of the rNTS with the strongest P2X2 expression, a marker for gustatory terminal fields (Breza and Travers 2016) . Another group of Arc + cells was observed in the caudal NTS, which receives signals from vagal visceral afferents of the esophagus and stomach (Shapiro and Miselis 1985; Altschuler et al. 1989) and is involved in the parasympathetic regulation of the upper gastrointestinal tract as well as regulation of food intake via hypothalamic structures (Rinaman 2010) . This observation is congruent with stimulation of viscerosensitive receptors in the esophagus and stomach by swallowed taste stimuli. Similarly, it has been reported that noxious stimuli in the upper gastrointestinal ANOVA and Holm-Šidák post hoc test (# statistically significant differences), within stimuli: Student's t-test, *P < 0.05, ***P < 0.001. tract, in particular bitter receptor ligands as used in this study, and hypertonic saline, evoke FLI in the caudal NTS (Kobashi et al. 1993; Hao et al. 2008; Hao et al. 2009 ).
Use of stimuli matched for temperature and application method minimized influences by thermo-and mechanoreception. This suggests that Arc expression is specific for a population of bitterrepresenting neurons in the gustatory NTS and NPG. Such a taste quality-specific marker has not been described so far and could provide a valuable tool to gain further insight in the coding and processing of taste information in the brain. At present we are reluctant to discuss our data in the context of taste quality coding as we do not know if oral bitter stimulation activates also neurons, which do not express Arc and which could also respond to other taste qualities.
To analyze the distribution of Arc+ cells, we divided the NTS in 6 subfields. For all 3 bitter stimuli, this method showed a more pronounced difference between the gustatory (S1+S2) and the non-gustatory (S3-6) NTS than the simple rostral-caudal division ( Figure 6E ). From this, we conclude that the subfield method of subdividing the NTS is more powerful in detecting differences in neuronal activation in the gustatory NTS in horizontal sections than the rostral-caudal division due to a better segregation of stimulus-derived and background activation. Being based on geometry, this method is quick and easy to automatize.
How can the specificity of Arc + cells for oral bitter stimulation be explained? In the hippocampus, where Arc expression is well studied, high-frequency stimulation is necessary to rapidly induce Arc RNA formation. The frequencies used in these experiments for artificial Arc induction are usually in the range of 100-400 Hz (Link et al. 1995; Lyford et al. 1995; Yilmaz-Rastoder et al. 2011 ). However, the afferent gustatory nerves show much slower firing rates. The spike frequencies in the chorda tympani (CT) and glossopharyngeal (GL) nerves rarely exceed 60 Hz and often are well below that. The frequencies in response to bitter tastants are not higher than those of other stimuli (Frank et al. 1988; Dahl et al. 1997; Hellekant et al. 1997; Sollars and Hill 2005) . Thus, it is unlikely that the spike frequency of gustatory nerves alone is able to explain the specificity for bitter stimuli.
If the firing pattern of the taste fibers does not determine Arc expression, maybe the wiring in the NTS does. Bradley and colleagues (Suwabe and Bradley 2009; Wang and Bradley 2010) describe 2 response types of first central neurons in the NTS to afferent nerve fiber stimulation: neurons with all-or-none response have small receptive fields with input from few afferent fibers and mainly project to the ascending gustatory pathway. The majority of cells receiving input from the CT belong to this type. Neurons with graded response on the other hand have a larger receptive field allowing for integration and amplification of afferent signals. Unlike all-or-none type neurons, they do not project into the ascending gustatory pathway, but likely to oromotor brainstem sites. The majority of neurons connected to the GL are of this type (Wang and Bradley 2010) . And as described above the GL innervates the majority of bitter responsive taste receptor cells. It is therefore tempting to speculate that the afferent stimulation of NTS neurons with a large receptive field might lead to Arc induction by integration and amplification of the afferent signals, whereas the stimulation might be insufficient to induce Arc transcription in the all-or-none type neurons with their small receptive fields. Because the neurons with large receptive fields prevalently receive input from the GL nerve, this scenario would hint at a role of the Arc + cells in regulation of oromotor behavior such as gaping.
The type of wiring might also explain why the Arc expression profile in the NPG is less bitter specific than in the NTS. For example, sucrose and highly concentrated NaCl led to ~2.5-fold higher number in Arc + cells in the NPG though statistically not significant. Further experiments using larger numbers of animals might clarify this. Similarly, the bitter cucurbitacin failed to produce a significant increase in Arc + cells although the number of responding cells was higher relative to stimulation with all non-bitter stimuli ( Figure 7 , Table 2 ). Unlike NTS neurons, ganglion neurons receive input only from a small number of taste receptor cells, usually located within a single taste bud (Zaidi and Whitehead 2006) . We propose that the pronounced bitter specificity observed in NTS neurons is due to the convergence of multiple less specific NPG neurons. Arc + cells after oral stimulation with bitter compounds are concentrated along the medial border of the rostral NTS. This pattern is very similar to the pattern of FLI observed in the NTS of rats previously stimulated with quinine (Travers 2002) . By transection of the GL nerve FLI in these areas is attenuated with a concomitant reduction in aversive oromotor behavior. Both effects are reversed after regeneration of the GL nerve (King et al. 1999; King et al. 2000) . This suggests that both Arc-and Fos-expressing cells belong to a population of neurons excited by oral bitter compounds that are important for innate taste-guided aversive behavior.
Most studies utilizing FLI in the gustatory NTS have been conducted in rat (King et al. 1999; King et al. 2000; Chan et al. 2004; . The only available study in mice using an oral bitter stimulus found an increase by ~35 Fos-expressing cells in the dorsal subdivisions of the NTS of a coronal standard slice after quinine stimulation relative to water . Taking the thickness of the slice into account, the total number of quinine-specific FLI signals in the whole dorsal NTS might be ~20 times higher.
The average number of bitter specific Arc + cells ([Cyx+Qui+Cuc]/3) in our study was ~368 within the dorsal NTS (Table 1) , which is in a similar range. The number of bitter-responsive cells that do not show Arc expression, however, is difficult to determine. This is a common issue among all activity markers relying on gene expression. Voigt et al. (2012) reported that on average 517 out of 681 lingual and palatal taste buds of mice contain cells expressing the bitter taste receptor Tas2r131. It is safe to assume that the actual number of bitter receptor containing taste buds lies within this range. Fungiform taste buds in mice are innervated on average by 4.1 ganglion cells (Zaidi and Whitehead 2006) . For the circumvallate and foliate papillae, there are no data available regarding the ratio of taste buds to nerve fibers. Assuming a similar ratio in the posterior tongue, this results in a total of ~2100-2800 taste fibers innervating bitter receptor containing taste buds, most of which are part of the GL nerve. Because about 30% of taste fibers in the GL nerve are bitter-best fibers in most rodents (reviewed in Travers and Geran 2009) , this gives us a rough estimate of about 630-840 bitter-best fibers, not taking into account the lower ratio in the CT nerve. Thus, the estimated number of fibers conveying bitter information is about twice as large as the number of bitter processing cells we have found in the dorsal NTS (Table 1) .
To estimate the number of bitter processing neurons in the NPG, we need to consider the foliate and circumvallate papillae only, which are innervated predominantly by cranial nerve IX. On average 411 out of 488 taste buds in the foliate and circumvallate papillae of mice contain cells expressing Tas2r131 (Voigt et al. 2012) . By applying the same extrapolation as above this yields a total of ~1700-2000 fibers with cell bodies located in the NPG, ~510-600 of which being bitter best fibers. This gross estimate is by a factor of 2 to 5.6 larger than our observation of about 107-256 Arc + neurons in the NPG upon bitter stimulation (Table 2) . One likely reason for the lower number of observed Arc + neurons is that the anterior foliate papillae are innervated by the CT nerve and the corresponding cell bodies are not located in the NPG, but in the geniculate ganglia. The concordance in the number of bitter-sensing taste buds, bittercarrying fibers, as well as bitter-dedicated ganglion neurons and gustatory NTS neurons indicates that Arc expression is not only specific for bitter stimuli, but also a reliable marker for cells activated by these stimuli.
Expression of Arc and Fos after oral stimulation with bitter compounds is very similar both in location and in number. Despite the numerous studies that utilized Fos as an activity marker, there are several advantages to using Arc. Instead of long or repeated stimulation over 20 or 30 minutes (Harrer and Travers 1996; Stratford and Finger 2011) , stimulations of only 2 min robustly induced the expression of Arc in the NTS and NPG. Thus, awake animals can be manually stimulated without the need of surgically implanted delivery cannulae The number of Arc + cells in the NTS per animal ± standard error was extrapolated using the average area of NTS for each animal. n = 4-6. Corrected for multiple counting of signals according to Clarke 1993. or water deprivation. Moreover, this study showed a high signal to background ratio, whereas in some Fos studies a high basal or control stimulus-induced Fos expression was observed that might impede interpretation of the results (Harrer and Travers 1996) . The main advantage, however, is that the Arc catFISH method provides a tool to compare the response of large cell populations with 2 different stimuli in the same animal. Originally, we intended to establish Arc expression as a novel tool to study the representation of the basic tastes in the NTS. In light of the unexpected specificity of Arc + neurons for bitter stimuli, the Arc catFISH method would be useful to investigate if different bitter compounds induce different neural activation patterns in the NTS after oral stimulation of mice with various combinations of bitter substances. Here, Arc catFISH could complement electrophysiological studies that have shown divergent neural responses to different bitter stimuli (Geran and Travers 2006; Wilson et al. 2012 ) and would enable to pursue the question of bitter coding on the level of large neuron populations.
Arc catFISH is not the only approach that utilizes immediate early gene expression to study the response of large neuron populations to multiple stimuli. Before it emerged, the analysis of Zif268 (Egr-1) RNA and protein was used to analyze activation of neurons in the visual cortex of monkeys after 2 subsequent visual stimuli (Chaudhuri et al. 1997) . Similarly, there have been approaches to use the detection of c-Fos RNA and protein as activity markers for 2 subsequent taste stimuli (Gropp et al. 2002a (Gropp et al. , 2002b although the results of these experiments remain not fully reported. A technique termed Fos catFISH using 2 RNA probes, one directed against intronic sequences of the Fos pre-mRNA and the other complementary to the mature mRNA (Lin et al. 2011) , could prove interesting for taste research given the long history of Fos used here as activity marker although technically more demanding than Arc catFISH. Perhaps other immediate early genes, which are suitable for use in the catFISH technique, such as Homer1a (Vazdarjanova et al. 2002) , may turn out to be induced by stimuli of other taste qualities and thus complement Arc as bitter specific activity marker.
Supplementary data
Supplementary data can be found at Chemical Senses online. 
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